Molecular cloning of immunoglobulin heavy chain (IGH) translocation breakpoints identifies genes of biological importance in the development of normal and malignant B cells. Long-distance inverse PCR (LDI-PCR) was first applied to amplification of IGH gene translocations targeted to the joining (IGHJ) regions. We report here successful amplification of the breakpoint of IGH translocations targeted to switch (IGHS) regions by LDI-PCR. To detect IGHS translocations, Southern blot assays using 5 0 and 3 0 switch probes were performed. Illegitimate Sl rearrangements were amplified from the 5 0 end (5 0 Sl LDI-PCR) from the alternative derivative chromosome, and those of Sc or Sa were amplified from the 3 0 end (3 0 Sc or 3 0 a LDI-PCR) from the derivative chromosome 14. Using a combination of these methods, we have succeeded in amplifying IGHS translocation breakpoints involving FGFR3/MMSET on 4p16, BCL6 on 3q27, MYC on 8q24, IRTA1 on 1q21 and PAX5 on 9p13 as well as BCL11A on 2p13 and CCND3 on 6p21. The combination of LDI-PCR for IGHJ and IGHS allows rapid molecular cloning of almost all IGH gene translocation breakpoints.
Molecular cloning of immunoglobulin heavy chain (IGH) translocation breakpoints identifies genes of biological importance in the development of normal and malignant B cells. Long-distance inverse PCR (LDI-PCR) was first applied to amplification of IGH gene translocations targeted to the joining (IGHJ) regions. We report here successful amplification of the breakpoint of IGH translocations targeted to switch (IGHS) regions by LDI-PCR. To detect IGHS translocations, Southern blot assays using 5 0 and 3 0 switch probes were performed. Illegitimate Sl rearrangements were amplified from the 5 0 end (5 0 Sl LDI-PCR) from the alternative derivative chromosome, and those of Sc or Sa were amplified from the 3 0 end (3 0 Sc or 3 0 a LDI-PCR) from the derivative chromosome 14. Using a combination of these methods, we have succeeded in amplifying IGHS translocation breakpoints involving FGFR3/MMSET on 4p16, BCL6 on 3q27, MYC on 8q24, IRTA1 on 1q21 and PAX5 on 9p13 as well as BCL11A on 2p13 and CCND3 on 6p21. The combination of LDI-PCR for IGHJ and IGHS allows rapid molecular cloning of almost all IGH gene translocation breakpoints.
Introduction
Chromosome translocations involving the immunoglobulin heavy chain (IGH) locus on chromosome 14q32.3 are seen in 40-50% of B-lymphoid malignancies, and in particular B-cell non-Hodgkin's lymphoma (B-NHL) 1 and myeloma. 2 IGH translocations are usually reciprocal and bring genes on other chromosomes into close apposition with the IGH locus, where their expression is deregulated due to the presence of potent Bcell-specific transcriptional enhancers within the IGH locus. Genes involved in IGH translocations play a pivotal role in cell growth, differentiation, apoptosis and signal transduction of both normal and malignant B lymphocytes. 3 Many IGH translocation breakpoints have been molecularly cloned; however, several recurrent breakpoints remain to be identified. 4 Molecular cloning of IGH translocation breakpoints reveals involvement either of genes of unknown biological functions 5, 6 or an unsuspected oncogenic potential of known genes. [7] [8] [9] The IGH locus comprises 51 functional variable (V) segments, 27 diverse (D) segments, six joining (J) segments and nine constant (C) segments starting from the telomeric end of 14q32.3 and spans 1.4 megabases (Mb). 10 Each C segment, except d, is preceded by a switch (S) segment that plays a role in isotype class switching. To generate a diversity of the immunoglobulin repertoire, somatic rearrangement of the IGH locus takes place during B-cell differentiation. This process includes VDJ recombination, somatic hypermutation and class switch recombination, all of which involve DNA double-strand cleavage and religation; errors in each process may result in chromosome translocation targeted in IGH locus.
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The IGH translocations commonly take place in either the joining (IGHJ) or the switch (IGHS) segments. We devised a simple and robust method for the rapid molecular cloning of chromosomal translocations targeted to the IGHJ segments: this detects virtually all translocations to the IGHJ segments. 12 Since the IGHS regions are another main target of IGH translocation, we have established long-distance inverse PCR (LDI-PCR) for rapid molecular cloning of Sm, Sg and Sa translocation breakpoints.
Materials and methods

Cell lines and patient materials
KHM-11 is a multiple myeloma cell line. 13 This cell line exhibits a t(4;14)(p16;q32) by FISH (data not shown). CTB-1 is a diffuse large B-cell lymphoma cell (DLBCL) line showing a t(14;22)(q32;q11) cytogenetically, and expresses IgG.
14 Karpas 1718 is a cell line derived from the peripheral blood of a patient diagnosed with transformed splenic lymphoma with villous lymphocytes (SLVLs) (Dyer, in preparation) . This cell line showed t(8;14)(q24;q32). Patient 1 was diagnosed as a primary gastric diffuse large B-cell lymphoma expressing IgA. This tumor showed t(1;14)(q21;q32), add(4q),À8, þ 19. Patient 2 was an aggressive B-NHL transformed to leukemic phase with t(1;14)(p22;q32) and a t(9;14)(p13;q32). The JH alleles were cloned previously by LDI-PCR and shown to represent VDJ and DJ recombinations. 12 
Southern blot assays for IGHS translocation
To detect IGHS translocations, Southern blot assays using series of 5 0 and 3 0 switch probes were performed. 15 Rearranged bands on Southern blot lacking any comigrating band obtained with any other switch probes were designated 'illegitimate' rearrangements. The smallest illegitimate bands obtained with various enzyme digestions were amplified using LDI-PCR.
LDI-PCR for switch regions
LDI-PCR and sequence analysis were performed as in a previous report. 12 To amplify Sm, Sg and Sa rearranged fragments, we designed primer sets at the 5 0 flank region of Sm and the 3 0 flank region of Sg and Sa ( Table 1 ). The Sg primers anneal to all Sg regions and the Sa primers to both Sa regions. Based on the position of the primers, we termed these methods as 5
0 Sm LDI-PCR, 3
0 Sg LDI-PCR and 3 0 Sa LDI-PCR, respectively. 5 0 Sm LDI-PCR amplifies breakpoint sequence on the derivative partner chromosome, whereas the 3 0 Sg and 3 0 Sa LDI-PCRs amplify the breakpoint sequence on the derivative chromosome 14. Figure 1 illustrates the germline configuration of the IGHS segments, a functional class switch recombination and the two types of IGHS translocation. The functional class switch recombination generating isotype switched IG molecules involves two switch regions and deletes the intervening DNA sequence (eg, fusion of Sm and Sg with deletion of Cm for IgG class switching as shown in Figure 1b) . In contrast to the functional class switch process, IGHS translocation often involves only one switch region before such S recombination has occurred ( Figure 1c) . 11 However, some IGHS translocations show similarity to functional class switching machinery (Figure 1d ). In this case, the 5 0 Sm LDI-PCR can amplify breakpoints on the derivative partner chromosome even though the translocation break on the derivative chromosome 14 occurs in Sg or Sa. In addition, the 5 0 Sm LDI-PCR will amplify functional class switch recombination events.
Results and discussion
5
0 Sm LDI-PCR
The KHM-11 cell showed one 5 0 Sm illegitimate rearranged band on Southern blot (Figure 2b) . A 1.8 kb HindIII rearranged band was amplified as a 1.6 kb band by 5 0 Sm LDI-PCR product and sequenced ( Figure 2b ). Sequence analysis showed Sm fused to Sa1 region and the Sm/a hybrid juxtaposed to MMSET (Multiple Myeloma SET domain) gene locus on 4p16.3 ( Figure 2d ). 16 Thus, the t(4;14)(p16;32) arose from two recombination events. 0 Sm LDI-PCR succeeded in amplifying a 1.2 kb TaqI illegitimate rearrangement as a 1.0 kb product. The sequence of the PCR product showed fusion of the Sm and the first intron of the BCL6 gene; the breakpoint sequence has been published elsewhere. 18 Subsequent FISH analysis confirmed a complex three-way translocation involving 3q27, 14q32 and 8q24. A gastric DLBCL (patient 1) with t(1;14)(q21;q32) showed a comigration band of Sm and Sa by the Southern blot assay (data not shown). In addition to the productive switch recombination, one illegitimate 3 0 Sg rearranged band was detected. A 2.0 kb SphI rearranged band was amplified by 3 0 Sg LDI-PCR and sequenced (Figure 3c ). The sequence showed Sg3 region fused to novel immunoglobulin-like cell surface receptors (IRTAs: immune receptor translocation associated proteins; 6, 19 FcRHs: Fc receptor homologs 20 ) cluster region on 1q21, which has been recently cloned from an IGH translocation breakpoint from a myeloma cell line, FR4 (Figure 3e ). 6 We confirmed that the PCR product was not an artifact by Southern blot (data not shown). This case demonstrates that the IRTAs/FcRHs locus is a recurrent target of IGH translocation. The 1q21 breakpoint of case 1 lies at 96 bp upstream of exon 2 of IRTA1 and 2964 bp telomeric to the breakpoint of the FR4 cell line (Figure 3e ). The t(1;14)(q21;q32) in FR4 generated an IRTA1/Ca1 chimeric mRNA and produced a fusion protein comprising the signal peptide and first two amino acids of IRTA1, and transmembrane and intracellular domains of Table 1 List of primers and application for amplification of respective switch segments 11 For example, when the translocation takes place in Sg, the 5 0 flanking region of Sg (5 0 Sg) moves to a derivative partner chromosome (der(P) in this figure) and the 3 0 flanking region Sg (3 0 Sg) remains on the derivative chromosome 14 (der (14) ). The breakpoint on der(14) can be amplified using 3 0 Sg primer pairs (indicated in green triangles). (d) Some IGHS translocations involve hybrid switch regions. In this case, IGHS translocation resembles functional class switching. In such translocations, the breakpoint on the derivative partner (der(P)) can be successfully amplified using 5 0 Sm primers (indicated in yellow triangles). tel: telomere; cen: centromere. (4)t(4;14)(p16;q32) junction of the KHM-11 cell line and comparison with other 4p16.3 breakpoints. The small letters represent IGH sequence and the capital letters 4p16 sequence. Although the nucleotide alignments were determined from Sm, the later part of IGH sequence was homologous with Sa; suggesting that Sm fused to Sa. The IGH sequence showed a five times repetition of (CAGCT) in front of the breakpoint on der(4). These repetitive sequences are underlined. Three der(14)t(4;14) breakpoint sequences cloned from KMS1 (accession number U73663), JIM3 (accession number U73660) and OPM2 (accession number AF006657) and two der(4)t(4;14) breakpoints cloned from PCL-1 (accession number U73661) and H929 (accession number U73662) have been published. 17 The plain and dotted arrows indicate the 4p16 breakpoints on der (14) and der(4), respectively. The breakpoint of KHM-11 was 1152 bp centromeric to that of PCL-1. All 4p16 breakpoints fell within the MMSET gene. The boxes indicate exons of MMSET gene. ex.: exon. Two (ex. 1a and ex. 1) and five (ex. 2a-e) alternatively spliced exons were identified by a previous study. Ca1. Based on this structure, it was suggested that the IRTA1/ Ca1 fusion protein inappropriately activated the B-cell receptor (BCR) signaling pathway in a ligand-independent fashion to promote either proliferation or survival. 6 The t(1;14)(q21;q32) in case 1 created a fusion of Sg3 region and the first intron of IRTA1 so that the exon 1 of the IRTA1 gene on der (14) lay in the same transcription orientation of Cg3. Thus, as suggested in the FR4 cell line, expression of the regulatory elements within IRTA may activate the BCR pathways. Another possible role may be to (14)t(1;14)(q21;q32) junction of case 1 and comparison with der(14)t(1;14)(q21;q32) breakpoint cloned from myeloma cell line, FR4. 6 The 1q21 breakpoint of case 1 lay 1433 bp telomeric from that of FR4. The solid and empty boxes represent coding and noncoding regions of IRTA1/FcRH4, respectively. H: HindIII; S: SphI. (9) disrupt the normal function of IRTA1, because both breakpoints separate coding regions of IRTA1. Recent immunohistochemical studies have suggested that IRTA1 is expressed in a subset of marginal zone B cells. 20 However, the functions of IRTA1 are unknown.
3
0 Sa LDI-PCR
DNA from a patient with B-NHL in leukemic phase (patient 2) with t(1;14)(p22;q32) and t(9;14)(p21;q32) showed a 3 0 Sa illegitimate switch rearrangement on the Southern blot assay (Figure 4b) . A rearranged 3 0 Sa HindIII fragment was amplified and sequenced. The non-IGH sequence mapped to a BAC clone (RP11-297B17, accession number AL161781) derived from chromosome 9p13. The 9p13 breakpoint fell only 75 bp telomeric to a previously cloned breakpoint from MZL-1 (Figure 4c) . 21 Three 9p13 breakpoints (case 2, MZL-1 and #1052 22 ) were clustered within the noncoding region of exon 1B of PAX5 gene, indicating that these three cases expressed alternatively spliced PAX5 gene. The t(9;14)(p13;q32) is associated with indolent B-NHLs such as immunoplasmacytoid lymphomas. The two IGH translocations in this case may have contributed to the aggressive clinical course. However, we have failed to clone the other IGH breakpoint, indicating that some breakpoints may not be amenable to the PCR approaches developed here. All the results obtained in this study are summarized in Table 2 .
In conclusion, both LDI-PCR protocols for IGHJ and IGHS segments may allow molecular cloning of most IGH translocations from primary clinical material. Cloning of IGHJ translocations is straightforward and can be performed without recourse to Southern blot data; the method can be performed with only very small amounts (20 ng) of high-molecular-weight DNA. In contrast, IGHS translocations are more complex and it is therefore necessary to have large amounts of high-molecularweight DNA available to allow comprehensive analysis before embarking on LDI-PCR to maximize chances of success. Apart from the translocations described here, we have also used similar methods to clone both BCL11A 5 and cyclin D3 (CCND3) 7 translocation breakpoints. We have not systematically examined both derivative chromosomes in any of the cases reported here in order to investigate possible mechanisms underlying the genesis of the translocations. However, it should be noted that a combination of 5 0 Sm and 3 0 Sg or 3 0 Sa PCR methods may allow both derivative chromosomes to be amplified.
Finally, some IGH breakpoints do not involve either JH or S region. For example, the t(11;14)(q13;q32) in the mantle cell lymphoma cell line NCEB1 falls within an apparently germline IGH locus. 12 Breakpoints in cases of BCP-ALL with rare IGH translocations may fall within the Cd-Cg3 intron 26 (data not shown). Such translocations are not amenable to the LDI-PCR approaches described here, but appear to be uncommon. LDI-PCR for IGH switch translocation breakpoints T Sonoki et al
